Introduction
The paper is devoted to the experimental study of the singular regions at high-latitude magnetopause, where the magnetosheath (MSH) flow interaction with the exterior cusp results in the creation of the turbulent boundary layer (TBL). In the TBL magnetic fluctuations are of the order of the DC magnetic field, and their power reaches 10-30% of the thermal ion density (Savin et al., 1998a (Savin et al., , b, 2001 . Early
Correspondence to: S. Savin (ssavin@iki.rssi.ru) single spacecraft observations with Heos-2 and later with 8, 10 have shown that the magnetopause (MP) position and MSH plasma flow structures are quite variable near the cusp, a magnetospheric region that is crucial for magnetosheath plasma entry (Haerendel and Paschmann, 1975; Klimov et al., 1986; Lundin et al., 1991) . For a synopsis of measurements and models of the low altitude cusp, the reader is referred to the review by Smith and Lockwood (1996) . Here we identify the MP as the innermost current sheet where the magnetic field turns from Earth-controlled to magnetosheath-controlled (Haerendel and Paschmann, 1975) .
At the cusp the magnetopause is indented. The indentation was first predicted by Spreiter and Briggs (1962) and then detected by HEOS-2 (Paschmann et al., 1976) , ISEE (Petrinec and Russell, 1995) , and Hawkeye-1 (Chen et al., 1997) . The plasma in the vicinity of this indentation is highly disturbed and/or stagnant MSH plasma. The TBL is a sub-region of the MSH/cusp interface with nonlinear magnetic perturbations. It is located just outside and/or at the near-cusp magnetopause and has been found recently to be a permanent feature (Savin et al., 1998b (Savin et al., , 2002a Klimov et al., 1986) . Here the energy density of the ultra low-frequency (ULF) magnetic fluctuations is comparable to the ion kinetic, thermal, and DC magnetic field densities. The ULF power is usually several times larger than that in the MSH, and one or two orders of magnitude larger than that inside the magnetopause. Haerendel (1978) was the first one to introduce the turbulent boundary layer in cusp physics in a discussion on the interaction of the magnetosheath (MSH) flow with the magnetopause at the flank of the tail lobe. In Savin et al. (2002a) , the reader can find a review of the previous TBL studies and of the respective instrumentation. This paper deals with the TBL during negative dominant B y IMF conditions. In such a configuration the boundary layer is developed at high latitudes Maynard et al., 2001) . We discuss spectral and statistical properties of the turbulence at the cusp/MSH interface on the basis of the data from Interball-1 on 19 June 1998, when Interball-1 and Polar crossed the southern and northern TBLs (i.e. winter and summer TBL, respectively). To distill inherent features of the disturbances in those typical TBL crossings, we compare the local data with results of the Gasdynamic Convected Field Model (GDCFM) code (for details, see Dubinin et al., 2001 and references therein). For the model we used Geotail data in solar wind (SW) as the input. We also discuss TBL fluctuation characteristic features in wavelet spectra and bi-spectra, and in the magnetic field vector hodograms. The statistics of the magnetic field rotations in TBL are explored. Finally, we compare the in situ data with that from a virtual satellite, which crosses a model current sheet (from a kinetic code) at the state of developed nonlinear turbulence.
INTERBALL-1 TBL tracing on 19 June 1998
On 19 June 1998, near simultaneous passes occurred through the typical winter TBL by Interball-1 and through the summer one by Polar. The respective plasma data are given in Dubinin et al. (2001) and Savin et al. (2002b) ; here we concentrate on the turbulence properties.
One of the challenging problems is to distinguish dynamic interactions of the solar wind with MP from the local TBL turbulence. To shed light on this problem, we display in Fig. 1a wavelet spectrograms for magnetic GSE components B y from Geotail in SW and from the Interball-1 passage from SW to the magnetosphere (bowshock (BS), MSH and MP crossings are marked on the bottom of Fig. 1a ). Wavelet analysis serves to investigate turbulent signals and short-lived structures. In order to examine transient nonlinear signals in the TBL, we have performed the wavelet transform with the Morlet wavelet:
where C has been chosen so that the wavelet transform amplitude |W (a, t)| is equal to the Fourier one (see Consolini and Lui, 2000 and references therein for details). When this wavelet shows the single peak at the frequency f = 1/a, a wavelet characteristic scale may be read as representing a frequency f = 1/a ± f/8. Returning to Fig. 1a , the time lag between Geotail and Interball-1 should be in the limit of 5-20 min (see Dubinin et al., 2001 ). In the lowfrequencies, BS (lower panel) differs clearly from the simultaneous SW perturbations, while the first upstream wideband burst looks very similar on both panels. In the middle of MSH, at ∼ 08:30 UT, another disturbance practically coincides with that of SW, and the low-frequency part is strengthened in MSH. At 09:00-10:50 UT in the MP vicinity wideband Interball-1 fluctuations are seen, most of them have no counterparts in SW. Note the multiple spectral maxima in this region, which we call "TBL" (see Savin et al., 1998 Savin et al., , 2001 Savin et al., , 2002a , which are tied in a complicated manner. Similar to frequencies higher than 0.7 mHz, the disturbances in the TBL have a higher level and a different frequency dependence, as compared with MSH; we think that the MSH is not the major source for the fluctuations in TBL. We blow-up the TBL wavelet spectrogram (both in time and frequency) on the lower panel of Fig. 1b . The spectrogram clearly outlines wavetrains at different frequencies simultaneously that can be seen up to several Hz (not shown). The linkage between the maxima represents a feature of cascade processes. Direct/reverse (i.e. high-or low-frequency fluctuations appear first) cascade-like events can be recognized. Black lines highlight representative examples. The reverse cascade from 0.025 to 0.00625 Hz at ∼ 10:52 UT might converge with the direct one from 0.004 Hz. Several high frequency branches are seen frequently. We mark the approximate MP position in the middle of Fig. 1b . In the presence of the intensive fluctuations it is not easy to define it. So, we present magnetic field data and the GDCFM predictions (red lines) on the middle panels of Fig. 1b , using Geotail magnetic field in SW as input (see Dubinin et al., 2001 and references therein). We identify the time, which separates average the MSH and magnetospheric fields, as the MP (the MSH region is where the data are close to the GD-CFM, red curves). Note also the large-scale magnetic field depletion at 09:57-10:05 UT, which is just inside MP (cf. Vx sign). The heated MSH plasma and plasma sheet ions are mixed in this "plasma ball" (Savin et al., 2002b) . To estimate the scale of this diamagnetic "plasma ball" we have found the de Hoffman-Teller frame (dHT; see e.g. Savin et al., 2002b) at 09:56:54-10:00:02 UT with GSE velocity V H T = (139, −45, 18) km/s, regression coefficient of (V × B) versus (V H T × B) R = 0.999, and small acceleration a H T = (−0.06, −0.06, 0.14) km/s 2 . Existence of such a good dHT frame implies that the "ball" passes Interball with ∼ V H T and thus its scale can be estimated at ∼5 Re. While the plasma in the "ball" moves sunward, it cannot take into account the unique large-scale reconnection since the stress balance checking fails on this interval (cf. Savin et al., 2002b) .
For the quantitative comparison of the TBL properties with the SW ones, we present characteristic spectra in Fig. 2 from the core TBL intervals at 09:10-10:00 and 09:53-11:00 UT (shadowed in between), and compare them with the Geotail SW data at 09:00-10:00 UT and with that for the northern TBL entered by Polar at 10:50-11:10 UT (Savin et al., 2002b) . The maximum at ∼0.0014 Hz corresponds to the time lag between M A spikes on the second top panel of slopes are actually seen: ∼ 2.3 at 0.1-0.5 Hz and ∼ 1.1 at 0.004-0.05 Hz (note similar slopes at the upper trace with the crosses from Polar). The different slope of −1.9, seen by Geotail in SW, and the absence of any maximum in the Geotail data, demonstrate that the dominant processes in the TBL in this event are the local and inherent ones (cf. Fig. 1a ), despite that the average field is following the SW, as demonstrated by the model to data comparisons in Fig. 1b . Interball-1 magnetic spectra for 0.004-0.5 Hz in the outer cusp at 09:53-11:00 UT (the shadowed curve without asterisks) have a similar shape to that of the core TBL (trace with asterisks), while the slope at 0.004-0.05 Hz of 1.3 is slightly higher. At 09:55-10:30 UT, the slope from Interball-1 at 0.1-0.5 Hz is the same as in the TBL just outside the MP. The characteristic power at low frequencies in the core region is about twice that just inside MP (at 09:10-10:00 UT, the difference is shadowed). Shifting the interval to 09:56-10:08 UT reduces the peak at ∼ 0.0014 Hz by factors of 2 to 3, but does not change the rest of the spectrum much. This is in strong contrast to that seen in the summer TBL, where the power drops by the order of magnitude in the outer cusp (see Savin et al., 1998b Savin et al., , 2002a . The difference in the power for Polar and Interball spectra in Fig. 2 of about one order of magnitude cannot be attributed to the higher average magnetic field on Polar (∼ in 1.6 times). We suggest that the power excess may be due to patchy reconnection of the nearly anti-parallel fields on Polar (cf. Dubinin et al., 2001) . The reconnection of the average, nearly perpendicular fields in the Interball case is hardly operative, but fluctuating fields can still reconnect as the ion speed V x and M A spikes infer (see 2 top panels in Fig. 1b) . In the latter case, the average field is not annihilated and the energy input into turbulence is thus lower. Another characteristic TBL feature is the fact that the standard variances dBz and dBy are higher than that of the field magnitude d|B| (see text in Fig. 2 ). It implies that the transverse magnetic fluctuations dominate over the compressible ones (cf. Savin et al., 1998b Savin et al., , 2001 Savin et al., , 2002a . To estimate the scale of the kink in Fig. 2 , we have found the dHT frame with GSE velocity V H T = (−156, 82, −121) km/s and regression R = 0.993 at 09:35:31-09:39:03 UT, which yields for the kink L ∼ 2200 km, as marked in Fig. 2 . To investigate if the wave trains in TBL are really coupled by the cascade-like nonlinear processes, we have studied the magnetic spectral bicoherence using a wavelet approach, which is able to resolve phase coupling in short-lived events and pulses (see e.g. Consolini and Lui, 2000 and references therein). We use SWAN software from LPCE/CNRS in Orleans for the wavelet analysis that defines the bicoherence as:
with B(a 1 , a 2 ) being the normalized squared wavelet bispectrum:
The W (a, t) is wavelet transform according to Eq. (1) and the sum is performed by satisfying the following rule:
which correspond to a frequency sum rule for the 3-wave process, f = f 1 + f 2 . The bicoherence has substantial value only if three processes, with the highest frequency being the sum of the lower frequencies, are phase coupled (cf. Consolini and Lui, 2000) . The simplest such case is the harmonic generation due to quadratic nonlinearity, namely the second and third harmonic generation with 2f = f + f , and with 3f = 2f + f . As the harmonics are present in any nonlinear wave pulse and do not represent phase coupling of the different waves, we will ignore them in the future analysis. We assume that the most powerful nonlinear 3-wave process (excluding the harmonics) in the TBL decays, which requires the third order nonlinearity in the system. The weaker, higher order nonlinear effects, which also might contribute in the TBL physics, are beyond the scope of this paper and will be addressed in future studies.
In Fig. 1c , we present an Interball bicoherence spectrogram for the GSE B x component from the TBL interval at 09:16-09:50 UT. All features, visible in Fig. 1c , are present both in the bi-spectra of other components from Interball, and in the respective bi-spectrograms from Polar (Savin et al., 2002b) . The frequency plane (f L , f K ) is limited by the signal symmetry considerations and by the frequency interval of the most characteristic TBL slope of about −1 in Fig. 2 . The bicoherence spectra in Fig. 1c display, most probably, 3-wave processes with the cascade-like features, that are centered at ∼ 0.005 and ∼ 0.0 Hz. We assume cascade signatures in Fig. 1c when at the sum frequency, f = f 1 + f 2 , the bicoherence has a comparable value with that at the point (f 1 , f 2 ). In the case of the horizontal-spread maximum, it implies that the wave at sum frequency interacts with the same initial wave at frequency f 1 in the following 3-wave process: f 3 = f 1 + f , etc. Returning to Fig. 1c , we suggest that, in general, the energy flows from the lower to higher frequency regions with the slope ∼ 2.3, which is characteristic for the developed MHD turbulence (cf. Zelenyi and Milovanov, 1999) . Assuming that the cascade origin corresponds to the highest bicoherence amplitude, one can infer a cascade (0.005 + 0.13) towards the low and high frequencies in Fig. 1c . In Fig. 2 , the frequency 0.12-0.14 Hz corresponds to the spectrum kink. In Fig. 1c , one more cascade-like horizontal maximum starts from (0.02 + 0.13) Hz towards higher frequencies, noting also a weaker one at (0.07 + 0.13) Hz. In TBL we have found a variety of magnetic field rotations, accompanied by vortex-like loops and demagnetized "diamagnetic bubbles" (DB; cf. Savin et al., 1998a Savin et al., , b, 2001 Savin et al., , 2002a , b). In Fig. 3 , we display a characteristic example of the magnetic field rotation back and forth in the inner TBL at 10:18-10:19 UT on 19 June 1998 on Interball-1. The magnetic field is presented in the local minimum variance frame (with B n on second bottom panel being the minimum variance component, B m on third top panel -medium one, B l on second top panel -maximum one), the eigenvalues (presented on the bottom panel in nT 2 ) reasonably well define this local frame. B n on average, is close to zero, representing a feature of tangential discontinuities, while quasi-regular fluctuations are superimposed. At the inbound transition at 10:18:40 UT, a DB is visible, confirming with the Harris-like equilibrium in the current layer with sharp field rotation (Büchner et al., 1998) . However, the outbound rotation does not contain a DB. The magnetic field vector hodogram on the top panel in Fig. 3 exhibits loops at different scales superimposed on the main field rotation. It also indicates cascade-like processes (cf. Figs. 1a-c) . The time lag between current sheets corresponds to the inverse frequency of the horizontal maximum at f L ∼ 0.02 Hz in Fig. 1c ; it falls into the region of slope ∼ − 1 in Fig. 2 . The maxima at f K ∼ 0.13 Hz and the spectrum kink in Fig. 2 have periods of the order of the field rotations' periods (and of the DB). Thus, we associate the TBL spectral features with the characteristic time scales of the structures, which are similar to the ones, depicted in Fig. 3 .
In about one-third of the cases in TBL, the field rotations contain solitons-like structures, which contain DBs. In  Fig. 4 , we depict a characteristic example from simultaneous Polar data at 10:41 UT in the northern TBL (see details Fig. 1b) , λ 1 and λ 2 refer to the maximum and medium variance directions. (b) The normalized probability distribution function of the rotation angle of the magnetic field vector in the maximum variance plane. The solid line refers to a nonlinear best fit using a symmetric Levy-stable distribution function characterized by a characteristic index α ∼ 1.17 (see also text).
in Savin et al., 2002b) . The displayed transition contains a quasi-regular structure in |B| (bottom panel) enveloped by the field, the hodogram of which (top panel) resembles a 3-D spiral with increasing radius (decreasing with the distance from the main rotation). Note that the duration of the DB wave train again corresponds to the maxima at f K ∼ 0.13 Hz and to the spectrum kink in Fig. 2 ; the wave train filling the frequency of ∼ 0.35 Hz belongs to the high-slope part of the upper spectrum (with the ion cyclotron frequency being ∼0.45 Hz for the average total field ∼ 30 nT through the structure, see Fig. 4 ). One needs high-time resolution plasma moments to compare properly such transitions with intermediate/slow shocks from kinetic simulations by, for example, Karimabadi et al. (1995) , while we should mention that the |B| drop by the order of magnitude does not appear in the simulations.
In Fig. 5 , we present the results of a statistical study of the TBL fluctuation behavior. The tip of the magnetic vector motion in Fig. 5a is shown in the maximum variance plane for the TBL period. The field direction variance looks rather random. Visible dividing on the upper and lower parts is due to both changes in the average direction of the SW-induced field (red traces from GDCFM in Fig. 1b ) outside MP and due to the different magnetospheric-controlled field direction inside the MP. Note also the difference in the TBL spectral shapes inside and outside the MP (shadowed traces in Fig. 2) . Figure 5b shows the normalized distribution function of the rotation angle of the vector in the maximum variance plane. There is the evidence of non-Gaussian statistics at the high rotation angles, which is seen as a nonlinear best fit using a symmetric Levy-stable distribution function characterized by a characteristic index α ∼ 1.17 (the solid line). The Gaussian distribution should look like a parabola (a Levy-stable distribution function with a characteristic index α = 2) in Fig. 5 . Most probably, the departure from a Gaussian distribution should be attributed to the existence of the structures with small-scale current sheets, such as in Figs. 3 and 4. Thus, these soliton-like structures, while appearing as casual crossings of MP, as surface waves or as reconnection pulses (Dubinin et al., 2001; Savin et al., 2002b) , control the spectral shape of the TBL turbulence and change its statistical properties.
Discussion and conclusions
We have demonstrated that the TBL has persistent features at the high latitude MP (cf. Sandahl et al., 2000) . The presence of disturbances, weakly dependent on the IMF, indicates the significance of the MSH flow is direct interaction with the high latitude obstacle -the outer cusp throat (Savin et al., , 2002a .
The super-Alfvénic flows in front of the MP (redshadowed in 2 top panels of Fig. 1b) indicate that the steady merging is hardly possible (La Belle-Hamer et al., 1995) . Instead, Dubinin et al. (2001) and Savin et al. (2002b) assume that the quasi-regular jets at 10:00-11:00 UT in Fig. 1b represent cusp counterparts of patchy merging. These spiky cusp jets constitute a part of the flow is coherent interactions, discussed above (Figs. 1a-c) . In particular, the flow's repetition quasi-periodicity in Fig. 1b corresponds to the spectral maxima at few MHz in Fig. 1c . The difference between V H T and the average ion bulk velocity in the jet vicinity is in the limit of the bulk velocity variations (deviation < 16 • ), which should be a characteristic feature for standing structures in the cusp plasma frame. So, we could infer the space rather than time resonance pattern at the MSH/cusp interface. If V H T is at 107 • to the surrounding magnetic field, then one can obtain an estimate of the transverse scale of the jet of ∼ 2 Re.
To check if the visible features in the TBL can be accounted for by crossings of reconnected current sheets, we compare the experimental data with that of the virtual satel- lite in a model current sheet. We use results of kinetic simulations by Büchner et al. (1998) of the reconnection, developed in the current sheet between anti-parallel magnetic fields. We depict a representative field picture on the right panel in Fig. 6 . In the initial state, the current sheet with gradients in the Z direction and the external field in the X direction has neither Y -dependence, nor a B y -component; no average change in the plasma density across the current sheet has been inferred. In Fig. 6 we present the 2-D-case with no Y -dependence and the periodic picture in the X direction (i.e. one period in X is displayed). After ∼ 15 ion gyro-periods in the external field, the current sheet divides into reconnected X-and O-lines: in Fig. 6 , one X-line and two halves of the O-lines are shown. Unlike MHD, in kinetic simulations a strong B y -component is generated, which leads to the appearance of helicity maxima along the X-axis, as is shown in Fig. 1e for the same region as in Fig. 6 (right panel) ; the X and Z axes are normalized here by the half-width of unperturbed current sheet. In Fig. 1e , across the sheet (along Z, at Z ∼ 0) and at some distance along it (along X at Z ∼ (+/−) half-width of the current sheet), the neighbor helicity maxima have opposite signs; namely, this leads to the registration of loops in the magnetic field hodograms on the virtual satellite, as one can see on the left panel in Fig. 6 . One full loop in the hodogram is seen only if the virtual satellite orbit crosses two vortices with opposite helicities, as shown by the orbit traces in Fig. 1e and Fig. 6 . A trace along the diagonal of Fig. 1e (crossing two maximum with the same polarities) would result in "S-shaped" hodograms (see e.g. Dubinin et al., 2001) . Sliding along the X-axis close to the plane with Z ∼ 0 provides the appearance of multiple loops in the data, similar to Fig. 4 . On the other hand, the latter case from Polar could be also accounted for by a 3-D vortex, similar to the simulated vortices in Büchner et al. (1998) . Note also that the crossing of a single 2-D vortex would be seen on a satellite as part (maximum half) of a loop in the hodogram.
In Fig. 2 , we display the wavelet spectrum from the model B y -component by a dashed line (the virtual satellite data from the trace shown in Fig. 6 and Fig. 1e ) onto the measured spectra. While the virtual satellite speed (and thus frequency) contains an arbitrary factor, some similar features can be stated: (i) a sharp increase in power at low frequencies, which corresponds both to the transverse scale of the virtual current sheet at the nonlinear state (i.e. ∼ vertical size of the right panel in Fig. 6 ) and to the distance between O(X)-lines in the X direction, i.e. to the distance between the helicity maxima in the X direction in Fig. 1e ; (ii) a kinked spectrum at higher frequencies, where the kink frequency is close to the inverse time-of-flight of the single maximum in helicity in Fig. 1e . A possible reason for the discrepancy between the experimental and model spectra at higher frequencies is the limitation in the model grid size.
Finally, we compare the experimental B x (Fig. 1c) and model B z (Fig. 1d) bi-spectrograms, with the GSE X direction at the MP being the closest to the current sheet normal, as the model Z axis is. The presence of two sets of horizontal maxima in f L constitutes the general similarity in the bi-spectrograms. In the model the lower maximum infers synchronization of the nonlinear (presumably 3-wave) processes inside the reconnected current sheet at the nonlinear state; similar cascade-like synchronization at the higher frequency (upper horizontal maximum) relays with the individual vortex-like structure (single helicity maximum in Fig. 1e ). The third (higher) maximum in f L is also visible in both Figs. 1c and d . Similar to the model is lower frequency maximum in f L in Fig. 1d , the experimental one in Fig. 1c coincides with the low-frequency edge of the spectral slope of ∼ − 1. We attribute this maximum to the large-scale wave structures, which synchronize TBL processes globally. As MSH flows interact with the MP, which has gradients in its normal direction that are much sharper than in the parallel ones, those larger-scale waves should resemble the surface ones (Savin et al., , 2002a . Thus, the model data are rather similar to the ones discussed above (Fig. 1c) : (i) while the magnetic field transitions in Fig. 3 might seem to be independent, they seek to synchronize a number of 3-wave processes inside (the similarity in the lower frequency maxima in Figs. 1c and d) ; (ii) the quasi-coherent structures (cf .  Figs. 4, 6 and Fig. 1e ) have the decay-like nonlinear phase coupling, both with global structures (e.g. reconnection sites or "magnetic islands", i.e. the model O-lines) and with the higher frequencies.
In spite of the complicated time-dependent geometry (as compared with the plain quasi-stationary one in the model), the sharp density gradients in the TBL, and the limitations in the model grid size, etc., we have shown that a substantial number of the TBL turbulence features can be understood by comparison of the experimental data with the model of kinetic reconnected current sheet at the nonlinear state. Probably, the evolution of nonlinear structures in the hot inhomogeneous plasma weakly depends on the initial disturbances after exceeding some amplitude or scale thresholds. For example, Chmyrev et al. (1988) have shown that after thinning to the ion gyroradius scale, current sheets tend to split into the vortex streets, since this state has lower energy as compared with the homogeneous planar current sheet. The characteristic scales of the TBL turbulence are shown to reach the scales of a few km, i.e. several electron inertial lengths c/ω pe (Savin et al., 1998b) . This infers violation of the frozen-in field condition and could also be treated as a feature of the local reconnection near the cusp. The operation of the bursty reconnection for the locally anti-parallel fields over the cusp is in agreement with a number of studies, and the experimental evidences for the permanent by-product reconnection of the TBL is strongly fluctuating fields are seen as well (see e.g. Savin et al., 1998b Savin et al., , 2001 Savin et al., , 2002a Merka et al., 2000; Onsager et al., 2001; Dubinin et al., 2001) .
Thus, we regard the quasi-coherent structures as residuals of the nonlinear evolution of current sheets; the "diamagnetic bubble" presence supports this suggestion, since the field depletions in the middle of equilibrium current sheets is widely accepted and a number of modelings predict the small-scale depletions at nonlinear current states (see e.g. Büchner et al., 1998; La Belle-Hamer et al., 1995) . As a result of the multi-scale reconnection, field lines are connected through the TBL in a statistical sense, without the opportunity to trace individual field lines in the inhomogeneous non-equilibrium 2-phase medium, with one phase being the frozen-in "MHD" plasma and the other one represented by unmagnetized DB embedded in the nonlinear current sheets and magnetic vortices. The latter "phase" (in the statistical sense) provides the power-law spectra with the slope of ∼ − 1, which implies a special type of translation symmetry of the fluctuations. The quasi-coherent solitons (e.g. similar to that of Figs. 3 and 4) are breaking the Gaussian statistics, most probably due to the TBL intermittency; the above mentioned spectral slope of ∼ − 1 is consistent with this suggestion. We will devote a separate paper to the further study of the intermittency in the TBL.
The spectral shapes and dynamic wavelet spectra demonstrate the inherent character of the TBL fluctuations, where the most characteristic ones have no counterpart in SW. We propose that MSH is also not the dominant source of the TBL turbulence, while the most powerful perturbations in SW and MSH certainly modulate/trigger the dynamic processes in the TBL. The cascade-like wavelet and bicoherence spectrograms infer coherent interaction between wave trains, while the disturbances seem to be random in waveforms. Quasi-coherent large-scale structures, which organize phase coupling throughout the entire TBL, can result from the inverse cascades of the local wave trains (see Fig. 1c and related discussions). The local wave trains originate from the interaction of the disturbed MSH flows with the MP, where the interaction includes local reconnection as a part of it. The TBL disturbances modulate the incident MSH flow in a self-consistent manner, being globally organized by the phase coupling with the long-scale variations. So, the circle is closed: the TBL seems to be a multi-scale multiphase self-organized system of interacting nonlinear waves. It infers qualitative difference from the traditional approach when the MSH/cusp interaction is regarded as the additive sum of the magnetospheric reactions with the solar wind or MSH disturbances. Note also that the long-term correlation is suggestive for systems out of equilibrium near the critical point (cf. Consolini and Lui, 2000) . The kinked TBL spectra with characteristic slopes remarkably resemble that in the near-Earth neutral sheet in the state of the self-organized criticality (see e.g. Zelenyi and Milovanov, 1999) .
In conclusion, the soliton-like current sheets, often accompanied by quasi-coherent substructures and "diamagnetic bubbles", control the spectral shape of the TBL turbulence in the range of ∼ (0.005-0.1) Hz and change its statistical properties. These properties of the turbulent boundary layer should define the energy and mass transport in the significant region of the magnetosphere , through which the solar wind plasma is penetrating inside the magnetopause.
